NRL  Memorandum  Report  5277  ^ 


A  Transmission  Line  Bridge  for  the  Diagnostics 
of  Piasma  Channels 

R.  E.  Pechacek,  M.  Raleigh,  and  J.  R.  Greig 

»  S  Experimental  Plasma  Phs0ei  Bramh 

P/arma  Physks  Division 


This  reaarch  was  supported  by  the  Office  of  Naval  Rc'.carch 
Projects  Agency  (DoES  ARPA  Order  No.  4395,  Aniendme^' 
Center  under  Contract  N60931-83-WR-W1h)1A  ' 


Weapons 


naval  research  1  Alum^UiKV 

WasWagton.  i>.< 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


REPORT  DOCUMENTATION  PAGE 


14^  RC^ORT  SCCURITV  CLASSIFICATION 

UNCLASSIFIED 


lO.  RiSTRICTIVC  MARKINGS 


34  StCURlTV  CLASSIFICATION  AUTHORITY 


2b.  OeCLASSlFlCATION/OOWNGRAOtNQSCHCOULl 


3.  OtSTRISUriON/AVAlLAtILITY  OF  RCFORT 

Approved  for  public  release;  distribution  unlimited. 


A  Ff  RFORMING  ORGANIZATION  RSRORT  NUMSSR4S) 

NRL  Memorandum  Report  5277 


a.  MONITORING  ORGANIZATION  R6FORT  NUMSERIS) 


S4  YAMS  OF  FfRFORMlNG  ORGANIZATION 

Naval  Research  Laboratory 


Jib.  OFFICt  SVMSOL 

tit 


74  MAMS  OF  MONITORING  ORGANIZATION 

Naval  Surface  Weapons  Center 


iSc  AOORSSS  fCify.  Smm  ZIF  C0d«l 

Washington,  DC  20375 


7b.  AOORSSS  (City.  Siam  M  Zl^  Cadmt 

iSUver  Spring,  MD  20910 


14  MAMS  OF  FUNOINQ/SFONSORING 
ORGANIZATION 

ONR  and  DARPA 


jib.  officssymsol 

ff/«F#UC4M«l 


a  FROCURSMSNT  INSTRUMSNT  IDENTIFICATION  NUMSSR 


Arlington,  VA  22217  Arlington,  VA  22209 

FROORAM 

ilbmsnt  no. 

61153N 

62707E 

FROJSCT 

NO. 

TASK 

NO. 

RR01109-41 

or)^aa 

VVORK  UNIT 
NO. 

47-0871 

47-0922 

11.  title  limttuaa  Staunly  Ctam»tl€at*omt 

(See  page  ii) 

13.  FSRSONAL  AUTHORIS) 

R.  E.  Pechacek,  M.  Raleigh,  J.  R.  Greig.  T.  Dwyer,*  and  « 

.  Ehrlich—  i 

|134  tyfs  of  rsfort 

14.  DATS  OF  RSFORT  fYr.  Ma,.  Dayf 

IS.  FAGS  COUNT  1 

1  Interim 

March  7,  1984 

26  _ 

IS.  sufflsmsntarv  notation 


•U,  S.  Navy 


**Sachs/Freeman  Associates,  Bowie,  MD  20715 


(Continues) 


COSATI  coots 


FISLO 

GROUP 

SUE.  GR. 

ia  SUSjSCT  terms  tcomunaa  « 

Diagnostic 

Plasma  channels 


I  mmrm  it  n9t9marr  MlniRfr  Sy  Mot*  mum^t 

TratumiMion  line 


If  ASSTRACT  tComttmm  om  >wr»»  tfmtwmwy  9r  M«rft  mmmtarf 

A  tranemuiion  line  bridge  U  a  device  for  meaeuring  the  dielectric  constant  of  long,  narrow,  plasma  columns. 
The  device  measures  the  difference  in  propagation  properties  between  a  reference  line  and  a  line  whose  capaci¬ 
tance  per  unit  length  has  been  changed  by  the  presence  of  ionization.  The  particular  bransmission  line  bridge 
described,  consisting  of  two  two-wire  transmission  lines,  was  operated  at  a  frequency  of  30  MHz.  It  was  used  to 
measure  conductivities  in  the  range  of  10^  <  a  <  1.5  x  10^  Hz  for  plasma  columns  in  the  atmosphere,  'v  1  m 
long  and  a.  1  cm  radius,  created  by  laser  induced  breakdown.  The  lower  limit  on  meararable  conductivity  is 
determined  by  system  noise  and  is  less  than  103  Hz.  The  upper  limit  is  reached  when  penetration  of  the 
transmission  line  electric  field  into  the  plasma  is  limited  by  skin  depth  (a  <  3  x  10^1  Hz  for  30  MHz  and  a 
1  cm  radius  plasma.) 


aOi  OlSTniSUTION/AV«i;>S)UTV  OV  saSTRACT 
UNCWASSIViSO/UNLIMITSO  0  SAMS  AS  RAT.  □  OTIC  USSRS  □ 


SI.  ASSTRACT  SSCURITY  CLASSIAICATION 

UNCLASSIFIED 


tU.  MAMS  OR  RSSRONSISLS  INOIVIOUAk 

R.  E.  Pechacek 


13b.  TSLSAHONS  NUMSSR 
Aram  CoSf» 

(202)  767-2077 _ 


last.  oFFies 

Cod*  4763 


00  FORM  1473, 83  APR 


SOITION  OF  t  JAN  73  iS  OUOLST8. 


SECURITY  CLASSIFICATION  OF  THIS  FACE 


SCCURITY  CLASSIFICATION  OF  THU  PAGE 


11.  TITLE 

A  TRANSMISSION  LINE  BRIDGE  FOR  THE  OUGNOSTICS  OF  PLASMA  CHANNELS 


16.  SUPPLEMENTARY  NOTATION  (Continued) 


This  research  was  supported  by  the  Office  of  Naval  Research  and  by  the  Defense  Advanced  Research 
Projects  Agency  (DoD)  ARPA  Order  No.  4396,  Amendment  No.  11,  monitored  by  the  Naval  Surface 
Weapons  Center  under  Contract  N60921-83-WR-W0014. 


SECURITY  CLASSIEICATtON  OE  THIS  RAGE 


CONTENTS 


INTRODUCTION .  1 

DESCRIPTION  OF  TRANSMISSION  LINE  BRIDGE  APPARATUS .  1 

SIGNAL  GENERATION  BY  PHASE  SHIFT  AND  ATTENUATION .  2 

RELATION  BETWEEN  THE  PHASE  SHIFT  AND  THE  ATTENUATION 
OF  THE  TRANSMISSION  LINE  SIGNALS  AND  THE 
CHANNEL  DIELECTRIC  CONSTANT,  CONDUCTIVITY, 

AND  GEOMETRY .  3 

APPLICATION  TO  A  LASER  PLASMA  EXPERIMENT .  6 

REMARKS  ON  SENSITIVITY  AND  APPROXIMATIONS .  9 

EXAMPLE  OF  AN  ANALYSIS  OF  A  HIGH  CONDUCTIVITY 
PLASMA  MEASUREMENT . .  11 

CONCLUSIONS .  12 

ACKNOWLEDGMENTS .  12 

REFERENCES .  17 

APPENDIX  I  -  PARTS  LIST .  17 


DTIC 

SELECTE^k 
MAR231984  .  I 

B 


Mi 


Accession  For 
TUS  GKA&I 

dtic  tab 

Unannounced 
Justif icstinn- 


By - 

Distribution/ 


Availability  Codes 


Dist 


[Avail  and/or 
Special 


A'l 
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A  TRANSMISSION  LINE  BRIDGE  FOR  THE  DIAGNOSTICS 
OF  PLASMA  CHANNELS 

INTRODUCTION 

^^This  paper  describes  a  device  for  measuring  the  average  electrical 
conductivity  of  a  long,  narrow,  cylindrical  plasma.  Interest  in  plasmas  of 
this  shape  originates  from  two  areas  of  study:  the  study  of  electron  beam 
propagation  through  neutral  gas,  and  the  study  of  long  straight  electrical 
discharges  for  use  as  a  communication  antenna.  Propagation  of  an  electron 
beam  through  a  neutral  gas  produces  an  ionized  channel  whose  properties  and 
evolution  are  very  important  to  the  propagation  of  the  beam  itself.  Long 
straight  electrical  discharges  are  created  in  a  channel  that  is  ionized  by  a 
pulsed  laser  beam  focused  with  a  long  focal  length  lens,  and  the  properties  of 
the  plasma  in  this  channel  are  important  to  the  propagation  of  the  electrical 
discharge  along  the  channel.  The  properties  of  these  plasmas  are  inferred 
from  changes  in  the  transmission  properties  of  a  transmission  line  placed 
close  to  and  parallel  to  the  plasma. 

In  tliu  folluv'iing  suction-s-an  analysis  is  made  of  the  relation  between  the 
bridge  output  voltage  and  the  conductivity  of  the  perturbing  plasma  for  the 
case  in  which  the  conductivity  is  very  low.  In  this  case  all  perturbations  on 
the  bridge  parameters  are  small,  and  linear  approximations  are  appropriate. 

The  usefulness  of  the  bridge,  however,  extends  to  plasma  well  above  this  low 
conductivity  range,  although  a  different  set  of  approximations  may  be 
necessary  to  make  the  analysis  of  the  experiment  tractable,  v, 

DESCRIPTION  OF  TRANSMISSION  LINE  BRIDGE  APPARATUS 


A  transmission  line  bridge  is  a  device  for  measuring  very  small  changes 
in  the  properties  of  transmission  lines.  If  two  identical  lines  are  excited 
by  identical  signals,  the  two  output  signals  are  also  identical.  The 
difference  between  the  two  output  signals\is  a  null  signal.  A  change  in 
transmission  of  one  of  the  lines  results  i^  a  difference  signal  which  may  be 
made  arbitrarily  large  by  amplification  witK  a  high  gain  amplifer  or  by 
increasing  the  amplitude  of  the  exciting  sigiwl.  In  practice,  noise  and  lack 
of  balancing  precision  limit  the  useful  gain  of  the  signal  amplifier,  but 
sensitivity  may  be  increased  indefinitely  by  increasing  the  excitation 
amplitude.  \ 

Maniueript  approTtd  Dacambar  21,  1983.  \ 


Figure  1  is  a  schematic  diagram  of  the  transmission  line  bridge.  The 
plasma  that  is  to  be  measured  is  created  along  the  centerline  of  the  active 
leg  of  the  bridge.  The  construction  and  arrangement  of  the  bridge  is  such  as 
to  make  the  two  legs  as  nearly  identical  as  possible.  The  conductors  of  the 
two-wire  transmission  lines  are  one  meter  long  pieces  of  3/4"  (1.91  cm)  OD 
copper  tubing  with  centers  separated  by  2"  (5.08  cm).  This  combination 
produces  a  200  n  line.  The  lines  are  driven  by  50  0  signals  of  the  same 
relative  phase  from  a  magic-T  through  bal anced-to-unbalanced  (50  n-to-200  0) 
matching  transformers.  The  output  signals  from  the  two  lines  are  substracted 
in  the  second  magic-T.  Identical  phase  shifters  and  attenuators  in  each  line 
permit  a  null  over  a  reasonable  range  of  oscillator  frequencies  in  the  absence 
of  a  plasma.  Finally,  the  null  signal  is  amplified  by  a  large  dynamic  range 
amplifier  and  displayed  on  an  oscilloscope.  The  commercial  items  used  in  the 
bridge  are  listed  in  Appendix  I. 


SIGNAL  GENERATION  BY  PHASE  SHIFT  AND  ATTENUATION 

An  atmospheric  plasma  is  a  lossy  dielectric.  When  plasma  is  introduced 

into  the  vicinity  of  the  active  line,  the  line's  output  is  attenuated  and 

shifted  in  phase.  In  this  case  the  signal  generated  by  subtracting  the 

reference  line  output  from  the  active  line  output  is  no  longer  the  null 

signal,  but  is  given  by  Eq.  (1). 


AV  =  V^exp(-Yz)cos((k^+Ak)z-a>t)  -  V^cos(k^z-u)t) ,  (1) 


where  AV  is  the  difference  signal,  y  is  the  attenuation  factor  of  the  active 
line,  Ak  is  the  change  in  propagation  factor  of  the  active  line,  and 
VqCos  (kgZ-«t)  is  the  output  of  the  reference  line.  This  second  term  is  also 
the  output  of  the  active  line  in  the  absence  of  plasma. 


In  the  approximation,  yz,  Akz<<l,  the  amplitude  of  the  difference  signal 
is  given  by  Eq.  (2). 


AV  =  Vg  ((yz)^  +  (Akz)^)  =  VqZ  (Y^+Ak^) 


(2) 


In  the  experimental  arrangement  of  Fig.  1,  the  output  signal  from  the 
amplifier  is  rectified  by  a  video  detector.  The  resulting  signal  is 
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proportional  to  the  amplitude  of  the  bridge  difference  signal,  which  is  just 
what  is  given  by  Eq.  (2).  The  detected  output  is  symmetrically  dependea^  on 
attenuation  and  phase  shift,  insensitive  to  their  signs,  and  more  sensitive  to 
the  larger  of  the  two  parameters. 

Equation  (2)  is  the  essential  result  of  this  section.  The  analogy  is 
exact  between  the  transmission  line  bridge  in  the  arrangement  of  Fig.  1  and  an 
optical  interferometer  arranged  to  measure  fractional  fringe  shifts  by  placing 
an  optical  detector  on  a  dark  fringe  in  the  interference  pattern.  If  the 
detectors  were  placed  in  the  gray  region  of  the  interference  pattern,  the  90° 
point  between  dark  and  light  fringes,  the  interaction  between  attenuation  and 
phase  shift  is  even  worse.  In  this  case,  in  the  same  small  change 
approximation  as  above,  the  amplitude  of  the  output  signal  is  given  by  Eq.  (3) 

AV  =  /?  VgZfAk-Y)  (3) 

In  the  optical  case,  this  inevitable  interaction  between  phase  shift  and 
attenuation  can  be  unfolded  by  using  signals  from  two  orthogonally  placed 
photo-detectors.  In  the  electrical  case,  this  interaction  can  be  eliminated 
by  using  signal  limiters  and  linear  detectors. 

RELATION  BETWEEN  THE  PHASE  SHIFT  AND  THE  ATTENUATION  OF  THE  TRANSMISSION  LINE 
SIGNALS  AND  THE  CHANNEL  DIELECTRIC  CONSTANT,  CONDUCTIVITY,  AND  GEOMETRY 

The  previous  section  was  strictly  an  exercise  in  trigonometry:  the 
difference  between  two  cosine  functions  of  slightly  different  amplitude  and 
argument  was  manipulated  until  a  suitably  simple  relation  was  found.  In  this 
section,  these  amplitude  and  argument  differences  are  related  to  small  changes 
in  the  dielectric  constant  of  the  dielectric  surrounding  the  conductors  of  a 
transmission  line. 

A  two  conductor  transmission  line  is  characterized  by  an  inductance  per 
unit  length,  L,  and  a  capacitance  per  unit  length,  C.  This  type  of  line 
transmits  TEM  waves  with  a  propagation  constant,  k  =  (i)/(LC),  for  a  wave  of 
frequency  u.  C  is  the  actual  capacitiance  per  unit  length  between  the  two 
conductors  that  form  the  transmission  line.  This  capacitance  is  a  linear 
function  of  the  dielectric  constant  of  the  material  that  surrounds  the  two 
conductors.  If  the  dielectric  constant  is  real  everywhere,  k  is  also  real  and 


the  wave  propagates  without  attenuation.  If  the  dielectric  constant  is 
complex,  that  is,  if  the  surrounding  material  has  a  non-zero  conductivity,  k 
is  complex,  and  the  wave  is  attenuated  as  it  travels  along  the  line.  In 
complex  notation,  the  voltage  at  any  point  along  the  line  is  given  by 

V(z,t)  =  Vq  Re  {exp  i(kz  -  wt)}  .  (4) 

If  k  is  set  equal  to  kg+Ak+iY,  where  Ak  and  y  are  real,  Eq.  (4)  is  expressed 
as  follows. 


V(z,t)  =  Vq  exp  (-Yz)  cos  (k^z  +  Akz  -  u)t),  (5) 

where  the  notation  is  the  same  as  in  Eq.  (1).  In  the  approximation  that  the 
char^ge  in  the  capacitance  per  unit  length  is  very  small  compared  to  the  line's 
vacuum  dielectric  capacitance  per  unit  length  the  following  equations  relate 
the  line's  transmission  parameters  to  the  change  in  capacitance; 

k  =  (0  (Lc/''2 
k  .  «  (L„C^  t  L„4C)''2 

k  =  »  U  ♦  (6) 

k  =  k^(l  +  aC/C^)^''2=  (Re(AC)  +  ilm  (AC)) 

k  =  k  +  Ak  +  iY 
0 


where  Ak 


k  k 

—  Re  (AC)  and  y  ®  — 


Im(  aC  )  . 


This  (LC)  analysis  is  valid  only  for  TEM  waves  and  lines  that  support 
them.  If  a  change  in  the  dielectric  creates  a  condition  in  which  TE  or  TM 
waves  can  propagate,  the  effect  must  be  of  second  order  for  this  analysis  to 
be  valid. 
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The  capacitance  of  a  transmission  line  is  calculated  by  integrating  the 
electric  field  energy  density  in  the  space  between  the  conductors  and  then 
equating  this  value  toV2CV^, 

V2CV^  =1/2/  eE^d^r,  (7) 


where  V  is  the  voltage  difference  across  the  conductors  and  e  is  the 
dielectric  constant.  In  general,  e  is  a  function  of  position.  Let  be  the 
dielectric  constant  of  the  reference  line  and  the  unperturbed  active  line,  and 
let  and  be  real  and  imaginary  normalized  perturbations  on  that 
dielectric  constant  fe  =  e  (l+e..+ie.)l  •  Then 

V.  Q  >  p  1  /  y 


=  Cq  +  Re(AC)  +  iIm{AC), 


(8) 


where  c^(r)  and  e^(r)  are  in  general  functions  of  r,  although  uniform  along 
the  axis.  E  may  be  taken  as  the  unperturbed  field  provided  <<  1. 

The  main  result  of  this  section  is  the  relationship  between  the 
attenuation  constant  and  the  change  in  propagation  constant  as  a  function  of  a 
perturbation  in  the  transmission  dielectric.  This  is  achieved  by  combining 
Eq.  (8)  with  Eq.  (6): 


y  = 


2  3 

Ci^oE^d^r 


(9) 


Ak 


By  writing  V2CqV^  in  Eq.  (9)  as  the  integral  over  the  electrical  stored  energy 
in  the  transmission  line,  it  becomes  clear  as  shown  in  Eq.  (10),  that  y  is 
proportional  to  the  ratios  of  the  energy  loss  per  cycle  to  the  total  electric 
energy  in  the  line  and  that  Ak  is  proportional  to  the  ratio  of  the  perturbed 
stored  energy  to  the  total  energy. 
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(10) 


2  1/2  / 


Ak 


•^0  ^^2  / 

T"  17"7  ::2Tf 

V2  J  EqC  d  r 


In  Equations  (10),  y  and  Ak  are  the  experimentally  measured  quantities,  and 
information  about  the  plasma  density  and  temperature  is  contained  in 
e^(r)  and  e^(r)  .  To  solve  these  equations  for  e  (r)  and  e^(r)  ,  it  is 
necessary  to  assume  a  spatial  distribution  for  the  plasma,  that  is,  it  is 
necessary  to  assume  e  .  =  atF(r)  where  F(r)  is  assumed  to  be  known  and  a  is  a 
constant  to  be  found.  The  resulting  expressions  for  £^(r)  and  e^(r)are  given 
in  Equations  (11): 


£ 

r 


(r) 


2^V2/ 

^ol/2  /  F(r)e^E  d  r 


)  F(r) 


(11) 


(r) 


,2Ak 


V2/  e^E^dV 
V2/  F(r)e^E^d 


T")  *^  ( '^ ) 


In  the  right  hand  sides  of  Equations  (11),  Ak  and  y  are  measured  quantities,  E 
is  determined  by  the  transmission  line  geometry  and  F(r)  is  assumed. 

APPLICATION  TO  A  LASER  PLASMA  EXPERIMENT 

The  system  of  Fig.  1  has  been  used  to  measure  the  electron  density 
produced  by  a  long,  Nd:gl ass-1 aser-produced  spark  in  atmospheric  pressure  air 
and  to  measure  the  electron  density  produced  by  a  CO^  laser  beam  in  40T 
ammonia.  The  change  in  the  dielectric,  in  each  experiment,  is  due  to  an 
approximately  1  cm  radius  plasma  that  is  created  along  the  symmetry  axis  of  a 
two  wire  transmission  line.  (See  Fig.  2.)  The  solution  for  the  potential 
outside  two  parallel,  circularly  cylindrical,  equipotential ,  surfaces  i.e.,  a 
two  wire  transmission  line  is  given  in  Ref.  1.  If  it  is  assumed  that  the 
plasma  cross  section  is  circular,  uniform,  and  centered  on  the  transmission 
line  axis,  the  integrals  of  Eq.  (11)  can  be  evaluated  in  terms  of  tabulated 
functions,  provided  that  e^,  are  small  enough  such  that  the  electric 
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field  of  Eq.  (11)  may  be  assumed  to  be  the  unperturbed  fields  of  the 
transmission  line.  Because  the  plasma  is  uniform  for  r<rQ,  and  doesn't  extend 
beyond  r=rQ  the  integrals  for  the  perturbed  energy  in  Eq.  (11)  become 


V2  /  Cpj  (f)  eQE^(r)d^r  /  e^E^(r)d^r  .  (12) 

all  space  plasma  (''<r'g) 

The  expression  for  the  imaginary  and  real  parts  of  the  perturbation  of  the 
dielectric  constant  is  then 


1/2/  c^E^dV 

_  ^  all  space  _  y_  1 _ 

’  '^0  1/2  /  B(d/s)A(rQ/5) 

r<r 

0 


0  8(d/s)A(r^/<S) 


(13) 


where  d  is  the  diameter  of  the  transmission  line  conductors,  s  is  their 

1  2  2 

separation,  3  is  equal  to  ■2-  /(S  -d  ),  and  r^  is  the  radius  of  the  plasma 
column.  These  lengths  are  shown  schematically  in  Figure  2. 

The  value  of  the  integral  in  the  numerator,  the  total  electrostatic 
energy  of  a  two  wire  transmission  line,  is  a  function  of  the  ratio  d/s.  The 
integral  in  the  denominator,  is  proportional  to  the  product  of  a  function  of 
d/s  and  a  function  of  r^/6  .  It  follows  that  the  ratio  of  the  two  integrals 
can  be  represented  as  the  product  of  two  Independent  functions,  B(d/s)  and 
A(r^/5)  in  Equation  (13).  The  expressions  for  A  and  3  are  as  follows: 

A(a)  =  In  ,  a<l 

1-a 


B(a) 


1n((l-t-/t-a-^)/a) 

(In  l^<ij?)^ 


(U) 


and  they  are  plotted  in  Fig.  3. 


ik, 
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For  the  200  n  of  Fig.  2,  d/s  =  .375,  c  =  2.35  cm,  and  =  .4, 

w^'ch  results  in  A(r^/5)  =  0.32  and  B(d/s)  =  0.16.  The  frequency  used  in  the 
bridge  of  Fig.  1  is  30  MHz  which  corresponds  to  =.628  m"*.  The  relation 
between  the  bridge  output  voltage  and  the  dielectric  change  is  octained  from 
Equation  (2)  and  Equation  (13); 


AV  =  zkQAB(e? 


.032(e^ 


(15) 


Both  of  these  experiments  were  operated  at  high  enough  pressures  (1  atm  and 
40T)  and  low  enough  driving  frequency,  (u,  such  that  v  >>  >>  ui,  where  j  is 

the  electron-neutral  collision  frequency,  and  o)  is  the  plasma  frequency.  The 

2  2  ^ 
result  is  that  <<  ,  and 

- 1 

C.  =  (.032)  ^  ^  =  30.1  AV/y  (16) 

^0  *0 


The  lower  limit  of  usefulness  of  this  expression  is  that  the  signal  must  be 
significantly  larger  than  amplifier  noise:  Av>10'^  volts.  On  the  upper 
end,  y/k^  must  be  small  enough  that  the  linear  approximations  of  Eq.  (‘=^)  are 
valid:  y/k^  <  0.1;  also,  e^.  must  be  small  enough  for  the  use  of  the 
unperturbed  fields  in  Eq.  (13)  to  be  valid.  The  requirement  on  e^.  includes 
the  requirement  on  y/k^.  These  limits  are 


0.2  >  e. 


3.2x10*^ 


^''min/*«32  V 


o' 


(17) 


In  cgs  units  =  Airo/oo  (a  is  the  conductivity)  and  the  limits  on  a  are 


1.5x10® 


3 

.  4.8x10 

a  >  -y - 

0 


(18) 


In  the  attempts  to  measure  the  conductivity  of  a  CO^  laser  produced 
channel  in  40T  NH^  the  value  of  Vq  was  set  at  2  volts.  No  measurable  signal 
was  detected,  which  implies  that  a<2.4xl0^  Hertz  (n^  <  5x10^  cm“^). 

In  the  Nd/Glass  laser  spark  in  atmospheric  air  experiment,  the  Nd/Glass 
laser  is  focussed  along  the  axis  of  the  the  active  leg  of  the  transmission 
line  bridge.  An  open  shutter  photograph  of  the  resulting  one  meter  long 
plasma  is  shown  in  Figure  4.  The  bridge  output  (for  Vq=.16  volts,  rms) 
produced  by  this  plasma,  after  the  signal  has  been  amplified  by  a  logarithmic 


amplifier  and  rectified  by  a  video  detector,  is  shown  in  the  oscilloscope 
photograph  in  Figure  5.  The  plasma  conductivity  is  determined  from  this  video 
output  signal  by  taking  its  antilogarithm  and  multiplying  by  an  appropriate 
constant.  This  result  is  shown  in  Figure  6,  a  plot  of  the  plasma  conductivity 
versus  time.  The  plasma  has  a  peak  conductivity  of  1.4xlO®Hz  which  decays  to 
zero  in  about  300  usee  . 

REMARKS  ON  SENSITIVITY  AND  APPROXIMATIONS 

The  inherent  limitations  of  a  transmission  line  bridge  as  a  plasma 
diagnostic  are  spatial  limitations:  (1)  the  attenuation  constant  measured  by 
the  bridge  is  the  average  attenuation  constant  along  the  entire  length  of  the 
line.  The  same  limitation  applies  to  the  measurement  of  the  change  in 
propagation  constant.  If  the  plasma  is  axially  uniform  the  measurement  is 
exact.  However,  the  degree  of  axial  uniformity  must  be  determined  from  other 
measurements.  (2)  A  radial  profile  of  the  plasma  also  based  on  other 
measurements  must  be  assumed.  The  reason  for  this  is  that  many  different 
distributions  of  dielectric  material  can  produce  the  same  change  in 
propagation  constant. 

Three  restrictions  or  assumptions  are  made  in  the  analysis  in  the 
preceding  sections  that  take  advantage  of  the  fact  that  the  plasma  of  interest 
has  a  very  low  conductivity: 

YZ,  Akz  <<  1, 

Y/k^,  Ak/kg  =  AC/Cjj  «  1 


If  these  restrictions  are  relaxed,  the  bridge  is  able  to  diagnose  plasmas  of 
much  higher  conductivity  although  the  analysis  is  no  longer  as 
straightforward. 

The  first  restriction  can  be  removed  by  a  change  in  the  hardware:  by 
replacing  the  simple  network  (magic  T),  that  takes  the  difference  between  the 
reference  arm  and  the  active  arm  signals,  with  a  pair  of  balanced  mixers 
operating  90°  out  of  phase  with  one  another.  A  balanced  mixer  is  a  device 
that  produces  the  average  value  of  the  product  of  two  signals.  These  mixers 
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would  produce  output  signals  that  correspond  to  Eq.  (1),  ana  would 
allow  y  and  Ak  to  be  separated  for  all  values  of  Akz  and  yz: 


AV,  =  cos  Akz 

1  0 

AVo  =  sin  A’ 

Z  0 


(19) 


Since  y,  Ak  and  Av  are  no  longer  linearly  related,  an  extra  step  is  involved 
in  the  data  analysis.  The  solution  of  these  equations  for  y  and  Ak  are 


(20) 


The  second  restriction  of  the  experimental  data  analysis  can  always  be 
met  by  making  the  transmission  line  cross  sections  very  large  compared  to  the 
cross  section  of  the  plasma.  If  the  plasma  is  so  comparatively  small  that  it 
intercepts  only  10%  of  the  transmission  line's  electrostatic  energy 
then  |aC/Cq|  =  |  —  |  <  .1  and  the  condition  is  satisfied.  If  this 

restriction  cannot  8e  met,  an  added  complexity  must  be  handled  in  relating  the 
measured  y  and  Ak  to  the  change  in  capacity  per  unit  length: 


iy  +  Ak 


(21) 


Thus,  the  second  restriction,  like  the  first,  is  made  to  facilitate  the 
analysis  of  the  measurements  and  does  not  represent  a  limit  on  the 
conductivity  range  of  usefulness  of  the  bridge. 

The  final  restriction,  c. ,  <<  1,  is  the  most  serious.  It  comes  about 

because  of  the  ease  of  computation  that  is  the  result  of  assuming  that  the 
electric  field  in  the  plasma  is  the  same  as  the  vacuum  or  unperturbed  field. 
Large  values  of  or  may  be  handled  without  an  exact  solution  of  the 
boundary  value  problem  if  the  diameter  of  the  plasma,  relative  to  the 
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transmission  line,  is  small  enough  such  that  the  following  approximation  is 
valid:  the  unperturbed  electric  field  within  the  volume  of  the  plasma  is  a 
constant.  In  this  case  the  solution  to  the  problem  of  a  dielectric  rod 
immersed  in  a  uniform  electric  field  applies,  and  the  field  inside  the  rod,  E, 
as  a  function  of  the  external  field,  Eq,  is  uniform  and  given  by 


2E. 


E  = 


(22) 


where  £  is  the  perturbation  of  the  dielectric  constant.  Thus  the  limit 
on  £  in  this  high  conductivity  case  is  that  the  skin  depth  of  the  plasma  be 
large  compared  to  the  plasma  radius,  so  that  the  field  inside  the  plasma  is 
uniform.  For  a  collisionally  dominated  plasma,  this  condition  is 


2  2 

r^  <<  c  /2itaw  , 

which  implies  a  maximum  a  of  3x10^^  Hz  for  30  MHz  excitation  and  r^  =  1  cm. 

For  a  collisionless  plasma,  the  plasma  frequency  must  be  less  than  the  applied 
frequency  for  the  applied  field  to  penetrate  the  plasma. 

The  input  noise  of  the  bridge  amplifier  determines  the  ultimate 
sensitivity  of  the  system.  This  noise  can  be  reduced  by  reducing  the 
bandwidth  of  the  amplifier:  system  sensitivity  is  directly  exchangeable  for 
response  time.  If  is  the  noise  voltage  of  the  amplifier  input,  or 

the  minimum  detectable  signals  are  equal  to  V^/Vq,  where  Vq  is  the 
transmission  line  voltage.  The  minimum  detectable  signal  can  also  be  reduced 
by  increasing  Vg. 

In  an  optical  interferometer,  if  the  length  of  the  two  optical  paths  are 
made  equal,  variations  in  source  wavelength  do  not  significantly  affect  the 
output.  Similarly,  if  the  phase  shift  and  attenuation  of  the  arms  of  the 
transmission  line  bridge  are  made  equal,  oscillator  noise  is  eliminated  from 
the  bridge  output. 


EXAMPLE  OF  AN  ANALYSIS  OF  A  HIGH  CONDUCTIVITY  PLASMA  MEASUREMENT 

An  interesting  example  is  the  case  of  a  very  narrow,  highly  conductive, 
uniform  plasma  in  a  two-wire  transmission  line  bridge.  The  relation  between 
the  transmission  line's  attenuation  constant  and  the  imaginary  part  of  the 
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perturbation  on  the  vacuum  dielectric  constant,  =  4wa/u),  is  analysed  below 


<<  <<  5  (5  is  defined  in  Fig.  2),  and 


for  the  case  in  which  c.  »  1, 
y  <<  k^.  Equation  (11)  is  a  statement  of  this  relationship.  F(r)  is  set 
equal  to  one  since  the  plasma  is  assumed  to  be  uniform.  The  integral  in  the 
numerator  of  Eq.  (11)  is  the  total  electrostatic  energy  in  the  line  and  is 
equal  to  ifV  [2  cosh  (s/d)]  .  To  evaluate  the  integral  in  the  denominator 

the  component  of  the  electric  field  near  the  symmetry  axis  of  the  two  wire 
transmission  line  is  computed  from  reference  (1): 


E  = 


_ 2V 

5(l-x2/62)inr|^) 


2V/S 
1  _  (-3+2  iS') 

lnis.26^ 


(23) 


The  relationship  between  e.  and  y  is  obtained  by  substituting  Eqs.  (22)  and 
(23)  into  Eq.  (11): 


Li 


"i 


_  _J_ 
■  2k^ 


^S-25' 


T 


cosh-"  s/d 


(24) 


CONCLUSIONS 

The  transmission  line  bridge,  when  used  at  30  MHz  and  as  configured  in 
Fig.  1,  is  capable  of  measuring  the  time  evolution  of  plasma  channel 
conductivity  for  a  channel  in  high  pressure  gas.  (Electron-neutral  collisions 
dominate  the  plasma.)  The  bandwidth  of  the  system  is  about  4  MHz,  and  the 
largest  source  of  error  is  the  estimate  of  the  plasma  geometry.  Operating  the 
bridge  at  different  frequencies  or  creating  the  plasma  at  different  gas 
pressures  will  yield  different  relations  between  and  than  the 
particularly  simple  one  for  the  cases  cited  here:  e^<<e^.  In  general,  it  is 
necessary  to  measure  two  quadrature  outputs  to  unravel  and  . 
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Figure  1.  A  schematic  diagram  of  the  transmission  line  bridge. 
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Figure  3. 
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Cross  section  of  the  active  leg  of  the  transmission 
line  bridge. 


A  plot  of  the  functions  A(  a)  and  B(  a) ,  whose  product ,  for 
appropriate  a's,  is  one  half  of  the  ratio  of  the  perturbed  to 
total  electrostatic  energy  in  a  two-wire  transmission  line 
perturbed  by  a  dielectric  rod  along  Its  axis. 


still  camera  photograph  of  a  one  meter  long  plasma  produced  by  a 
focused  Nd: glass  laser.  The  gap  in  the  center  is  caused  by  an 
obstruction  in  front  of  the  camera. 


Figure  4 


Oscilloscope  photograph  of  the  log-amplified  output  of  the 
transmission  line  bridge.  The  top  line  is  the  zero  voltage 
line.  The  second  line  is  the  amplifier  noise  output.  The  third 
line  is  the  bridge  signal  caused  by  the  Ndrglass  laser  plasma. 

The  oscilloscope  gain  is  200  mv/div  and  the  sweep  speed  is 
50  usec/div.  The  lower  two  traces  are  the  laser  output  pulse  and 
a  baseline  at  1  v  and  50  nsec  per  division. 
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APPENDIX  I  -  PARTS  LIST 

The  list  of  components  used  in  the  transmission  line  bridge  circuit  and 
shown  schematically  in  Fig.  1  is  as  follows: 

50  Ohm,  unbalanced,  to  200  Ohm,  balanced,  transformer  -  Anzac  Electronics, 
Waltham,  MA,  Model  TP-104. 

50  Ohm  Magic  Tee  -  Anzac  Electronics,  Waltham,  MA,  Model  HH-107. 

Phase  Shifter  -  General  Radio  Company,  Concord,  MA,  Type  874-LTL. 

Attenuator  -  Mini-Circuits  Laboratory,  New  York,  NY,  Model  ZAS-3B. 

Oscillator  -  Hewlett-Packard  Company,  Palo  Alto,  CA,  Model  3640B. 
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